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Th17 cells are thought to play a pivotal role in defenses against Candida albicans. van de Veerdonk et al.
(2009) investigate components of the fungal cell wall and their cognate receptors on human peripheral blood
mononuclear cells (PBMCs) responsible for IL-17 production and find a predominant role for mannan stim-
ulation of the mannose receptor.We live on a moldy planet—it is estimated
that there are well over one million species
of fungi.Thechallenge ofdefending against
fungal invasion is formidable given the
frequent exposure to environmental fungi.
Strong innate and adaptive host defenses
exist toprotect animals against fungal inva-
sion, and therefore in persons with healthy
immune systems, serious fungal diseases
are rare. However, with the increasing
numbers of immunocompromised individ-
uals, the incidence of life-threatening
fungal infections has reached epidemic
proportions.
Fungi and animals are members of the
eukaryotic kingdom and on a cellular level
have more similarities than differences.
The major difference, which is exploited
by the innate immune system, is the pres-
ence of cell walls on fungi. While there is
much interspecies and even intraspecies
variability in fungal cell wall composition,
cell walls of virtually all medically impor-
tant fungi have significant amounts of
three polysaccharides: b-glucan, chitin,
and mannan (Netea et al., 2008). b-(1,3)-
glucans containing covalent links to
b-(1,6)-glucan and chitin form the core
structural component. Mannoproteins
are attached to this skeleton. Both
mammalian and fungal cells glycosylate
proteins via N- and O-linkages. However,
whereas mammalian proteins rarely haveexposed mannose residues, fungi utilize
mannose as their preferred sugar (Levitz
and Specht, 2006). These highly manno-
sylated polysaccharides are referred to
as mannans, and in the cell wall ofCandida
albicans, chains comprised of up to 200
mannose groups can be found (Levitz
and Specht, 2006; Netea et al., 2008).
Importantly, mannans tend to be on the
outer fungal cell wall whereas b-glucans
are largely on the inside. However, some
surface exposure of b-glucans does take
place, particularly in areas where yeast
cells bud.
Immunerecognitionof the fungalcellwall
is largely achieved by pattern-recognition
receptorsonphagocytes, including neutro-
phils, monocytes, macrophages, and
dendritic cells (DC) (Netea et al., 2008).
Mannans are sensed most notably by the
mannose receptor (CD206) and DC-SIGN
(CD209). Numerous receptors have been
described that recognize b-glucans, and
while their relative importance has not
been firmly established, dectin-1 appears
to play a predominant role. Toll-like recep-
tors (TLR) 2 and 4 also are involved in fungal
recognition, although most fungal ligands
for TLRs havenot beendefined on a molec-
ular level. Opsonization of fungi with
complement and antibody results in recog-
nition by complement and Fc receptors,
respectively, on host cells. Thus, a myriadCell Host & Microbof receptor-ligand interactions occur
following fungal challenge.
A CD4+ T cell response is critical for the
control of many fungal infections, including
mucocutaneous candidiasis. Different
subsets of CD4+ T cells develop from naive
T cells under the influence of polarizing
signals and master transcription factors
(Acosta-Rodriguezetal., 2007). Inhumans,
naive T cells are thought to become
committed to the Th17 lineage (so named
because theysecrete IL-17)whenexposed
to the cytokines TGF-b, IL-1b, and IL-6,
IL-21, or IL-23 (Manel et al., 2008). Induc-
tion of the transcription factor, RORgt, is
also necessary. Terminal differentiation
and population expansion requires IL-23
(McGeachy et al., 2009). Accumulating
evidence points to Th17 cells as key
effector cells in the response to fungal
infections, including C. albicans (Acosta-
Rodriguez et al., 2007; Conti et al., 2009;
LeibundGut-Landmann et al., 2007). More-
over, while studies with knockout mice and
purified preparations of b-glucans have
implicated dectin-1 as being central to
the Th17 skewing seen in fungal infections,
contributions from other receptors have
not been excluded.
In this issue, van de Veerdonk and
colleagues provide further evidence for
a predominant role of Th17 cells in
mediating the CD4+ T cell response toe 5, April 23, 2009 ª2009 Elsevier Inc. 311
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dissection of the pathogen-
associated molecular patterns
required for optimal stimulation
(van de Veerdonk et al., 2009).
Using purified cell wall compo-
nents, blockers of cell surface
receptors and siRNA, itwas found
that C. albicans mannan interact-
ing with the mannose receptor
was the most important pathway
for induction of IL-17 (van de
Veerdonk et al., 2009). While the
authors took steps to deprotei-
nize their mannan preparation,
they still were left with nearly
1% protein contamination. For
the opportunistic fungus, Crypto-
coccus neoformans, it has been
demonstrated that both the
mannose and protein portions of
mannoproteins are critical for
stimulating immune responses
(Mansour et al., 2006). The carbo-
hydrate moiety interacts with host
mannose receptors, resulting in
efficient uptake of mannoproteins
into DCs. This leads to antigen
processing, MHC class II-
restricted presentation to CD4+
T cells and subsequent T cell acti-
vation. That a similar mechanism
is operative in van de Veerdonk
et al.’s studies is suggested by
the finding that both antigen-presenting
cells and T cells were required for stimula-
tion of IL-17 production by C. albicans
mannan (Figure 1).
In addition to mannan, van de Veerdonk
et al. (2009). found that dectin-1 and TLR2
were necessary for optimal IL-17
responses to C. albicans. To show a role
for dectin-1, the authors not only used
blocking antibodies and the inhibitor, lami-
narin, but also studied PBMCs from
persons with a complete deficiency of
dectin-1 expression due to a stop codon
mutation. Interestingly, compared with
normal PBMCs, the dectin-1 deficient cells
had lower IL-17 when stimulated with yeast
cells, but not hyphae, from C. albicans. The
authors speculate this is due to differences
in b-glucan exposure on the two morpho-
types of the fungus. Blocking TLR2
decreased C. albicans-induced IL-17. In
addition, mannan synergized with the TLR2
ligand, Pam3CSK4, for increased IL-17
production. However, TLR4, which previ-
ously had been shown to play a role in
recognition of O-linked residues on C. albi-
cansmannan, did not contribute to stimula-
tion of IL-17. Taken together, these data are
consistent with a model whereby coopera-
tivestimulation of multiple receptorsoccurs
following fungal stimulation, with the ulti-
mate response dependent upon which
receptors are engaged and the degree of
engagement (Netea et al., 2008).
One of the strengths of the study was the
use of human cells and fungal stimulants.
It should be appreciated though that
the circulating IL-17-producing cells that
respond to C. albicans are mainly memory
T cells (Acosta-Rodriguez et al., 2007; van
de Veerdonk et al., 2009). As noted above,
different sets of cytokines are required
for initiating and propagating Th17
responses. It may be that other fungal
ligands, particularly b-glucans, are more
important for stimulating the initial commit-
ment of naive cells to become Th17 cells.
In addition, in mouse models, Th17 cells
appear essential for defending against
mucosal candidiasis, but not invasive
infection (Conti et al., 2009).
Consistent with this concept,
circulating memory Th17 cells
specific for C. albicans express
CCR6 and CCR4 (Acosta-Rodri-
guez et al., 2007). These recep-
tors have been associated with
skin and mucosal homing.
Inflammation has been
described as a two-edged sword,
necessary for combating infection
but deleterious when overly
exuberant or directed at self. It is
interesting that the Th17 response
has been associated with both
protection from infection and
autoimmunity. Antibodies against
fungal mannans, glucans, and
chitin are biomarkers associated
with Crohn’s disease (Sendid
et al., 2008), an autoimmune
disease that features aberrant
Th17 responses. This raises the
question of whether Th17
responses against Candida,
which is a commensal of the
human gastrointestinal tract,
could be contributing to the
pathology seen in Crohn’s
disease. Conversely, clinical trials
of pharmaceuticals that inhibit
the Th17 cells are underway in
patients with autoimmune
diseases, and it will bear watching
to see whether this therapy will
be associated with an increased incidence
of fungal infections.
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Similarities in innate immune signali
Now, Ziegler et al. (2009) and Ren et
involved in innate immunity, providin
further than previously thought.
Similarities exist in mammalian and
invertebrate immune signaling, and
common virulence factors are involved
in both vertebrate and invertebrate path-
ogenesis (Mylonakis and Aballay, 2005).
Invertebrates rely solely on an innate
immune system to protect themselves
from pathogens, and studies on the
innate immune system of invertebrates
have provided a promising start to
understanding the complexity of this
system in vertebrates. In particular, the
ability to use Caenorhabditis elegans in
high-throughput assays and in several
advanced molecular studies has gener-
ated significant interest on the use of this
model system for investigation of innate
immunity.
The discovery of a conserved p38 MAP
kinase cascade was pivotal to our under-
standing of C. elegans immunity (Kim
et al., 2002). This was followed by studies
that describe a number of other pathways
that function in innate immunity in the
nematode. We now know that, in addition
to the p38 MAP kinase cascade, an ERK
MAP kinase pathway, a DAF-2/DAF-16
insulin-like signaling pathway, and
a TGF-b pathway are important compo-
nents of the nematode immune signaling
network. However, little is known about
how the nematode senses the presence
of a pathogen and the subsequent relay
process culminating in p38/PMK-1 kinase
activation.Sendid, B., Dotan, N., Nseir, S., Savaux, C.,
Vandewalle, P., Standaert, A., Zerimech, F.,
Guery, B.P., Dukler, A., Colombel, J.F., and
Poulain, D. (2008). Clin. Vaccine Immunol 15,
1868–1877.of Signaling in Inna
nakis1,*
General Hospital, Boston, MA 02114, USA
ng exist between mammals and the n
al. (2009) demonstrate that a protein k
g evidence that the conservation of im
In the mammalian immune signaling
network, the novel isoform protein kinase
C theta (PKCq) is an integral member, link-
ing T cell receptor stimulation with nuclear
factor-kB (NF-kB) activation in lympho-
cytes. Studies have also demonstrated
that the novel PKC isoform PKCd is
involved in immune response signaling.
In the macrophage, PKCd directly binds
to the adaptor protein TIRAP/Mal, which
is responsible for relaying signals sensed
by two Toll-like receptors (TLRs), TLR-2
and TLR-4, ultimately resulting in activa-
tion of IKK, a kinase responsible for degra-
dation of IkB conferring NF-kB activation
(Kubo-Murai et al., 2007). Other studies
have demonstrated NF-kB-dependent
gene expression increases due to direct
phosphorylation of IkB, either by PKCd or
by a downstream effector such as protein
kinase D (PKD) (Steinberg, 2004). In addi-
tion, PKCd is also involved in regulation of
NF-kB, independently of IKK/IkB, by
acting on the p38 MAP kinase, and PKCd
and the MAP kinase p38 are also involved
in apoptotic signaling in some tissues
(Steinberg, 2004).
Now, two independent studies have
identified the C. elegans PKCd, TPA-1,
as a key component acting before the
p38 kinase cascade-mediated immune
response (Figure 1) (Ren et al., 2009; Zie-
gler et al., 2009). Using the nematode
fungal pathogen Drechmeria coniospora,
Ziegler et al. (2009) identified several
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Koenen, H.J.P.M., Cheng, S.-C., Joosten, I., van den
Berg, W.B., Williams, D.L., van der Meer, J.W.M.,
Joosten, L.A.B., and Netea, M.G. (2009). Cell Host
Microbe 5, this issue, 329–340.te Immunity
ematode Caenorhabditis elegans.
inase C d homolog in C. elegans is
mune signaling networks extends
components contributing to the p38/
PMK-1 MAP kinase-mediated immune
response by monitoring the expression
of the antimicrobial peptide NLP-29.
Several components functioning before
activation of TPA-1 were also identified
including two phospholipase C proteins
(EGL-8 and PLC-3) and the a and
b subunits of a G protein complex. Inter-
estingly, a second PKC (PKC-3) was
also involved in nlp-29 expression in
a nonredundant manner with TPA-1, and
the placement of PKC-3 in the immune
signaling network suggests it is also
upstream of the TIP domain adaptor
protein, TIR-1, as this protein is important
for nlp-29 expression (Couillault et al.,
2004). In an intestinal pathogen-C.
elegans model, Pseudomonas aeruginosa
was used to identify components acting
upstream of the kinase cascade (Ren
et al., 2009). The PKD DKF-2 was found
to be involved in p38/PMK-1-mediated
immune response to pathogens. DKF-2
is activated by phosphorylation via TPA-1.
This PKD is essentially inactive when
C. elegans consumes nonpathogenic
bacteria, has weak activity when mildly
pathogenic bacteria are consumed, and
has the highest amount of catalytic
activity when highly pathogenic bacteria
are ingested. Thus, the intensity of intes-
tinal DKF-2 activity not only represents
the level of TPA-1 activity, but also
acts as an endogenous biosensor
e 5, April 23, 2009 ª2009 Elsevier Inc. 313
